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The expression of major histocompatibility class II genes is
necessary for proper antigen presentation and induction of an
immune response. This expression is initiated by the class II
transactivator, CIITA. The establishment of the active form of
CIITA is controlled by a series of post-translational events,
including GTP binding, ubiquitination, and dimerization.
However, the role of phosphorylation is less clearly defined as
are the consequences of phosphorylation on CIITA activity
and the identity of the kinases involved. In this study we show
that the extracellular signal-regulated kinases 1 and 2
(ERK1/2) interact directly with CIITA, targeting serine resi-
dues in the amino terminus of the protein, including serine
288. Inhibition of this phosphorylation by dominant-negative
forms of ERK or by treatment of cells with the ERK inhibitor
PD98059 resulted in the increase in CIITA-mediated gene
expression from a class II promoter, enhanced the nuclear con-
centration of CIITA, and impaired its ability to bind to the
nuclear export factor, CRM1. In contrast, inhibition of ERK1/2
activity had little effect on serine-to-alanine mutant forms of
CIITA. These data suggest a model whereby ERK1/2-mediated
phosphorylation of CIITA down-regulates CIITA activity by
priming it for nuclear export, thus providing a means for cells to
tightly regulate the extent of antigen presentation.

The class II transactivator CIITA? plays a critical role in ini-
tiating an immune response by activating the expression of
major histocompatibility (MHC) class II genes and associated
molecules (2—6). MHC II glycoproteins are necessary for the
presentation of antigenic peptides to CD4™ T lymphocytes and
the subsequent initiation and propagation of CD4 " T cell-me-
diated immune responses and are involved in the development
and maintenance of homeostasis of the CD4™* T cell popula-
tion. Although constitutive expression of MHC class 1I genes is
primarily restricted to a specific subset of antigen-presenting
cells that include B cells and dendritic cells, expression is induc-
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ible in a variety of other cell types and tissues by cytokines such
as interferon-vy and tumor necrosis factor-« (1). Both constitu-
tive and inducible expression of MHC Il and other related genes
are contingent upon the activation of CIITA (7, 8). Loss of a
functional CIITA protein results in an immunodeficiency
called bare lymphocyte syndrome, which is characterized by a
complete absence of MHC class II-mediated antigen presenta-
tion. Patients with this disease suffer from recurrent infections
due to opportunistic infections and, ultimately, death in early
childhood (9-11).

CIITA is a protein of 1130 amino acids that does not bind
directly to DNA. Instead, it regulates gene expression by inter-
acting with other transcription factors and chromatin-remod-
eling proteins at the W/X/Y regulatory elements in the pro-
moter regions of class II genes (for review, see Refs. 12—17).
Nuclear factors binding to CIITA include the regulatory factor
X (REX) complex (RFX5, REXAP, REXANK/RFX-B) (18) and
nuclear factor Y (19, 20) as well as AP1, X2BP, and CREB (21—
26). Extensive structure-function analyses have characterized
multiple important regions of CIITA, identifying it as a member
of the CATERPILLER family of genes (27). The amino terminus
contains a proline/serine/threonine (PST)-rich domain, with
several potential sites for post-translational modifications, and
an acidic activation domain that serves to interact with factors
involved in chromatin remodeling and modification as well as
components of the general transcriptional machinery (21, 22,
28-32). A GTP binding domain and a series of leucine-rich
repeats in the carboxyl terminus of CIITA have been shown to
be involved in nuclear localization, self-association, and pro-
moter transactivation (33—42). In addition, three separate
nuclear localization signals are scattered throughout the length
of the protein (15, 31, 43—45). These observations strongly
implicate CIITA in regulating chromatin structure as a mech-
anism of activating gene transcription (46). However, little is
known about the posttranslational events that modify the
CIITA protein and may, thus, serve to regulate its functionality
within the cell.

Phosphorylation plays a critical role in regulating the activity
of a variety of different cellular proteins. The modulation of
CIITA activity by phosphorylation is of particular interest, in
part because the kinase or assembly of kinases that phospho-
rylate CIITA is still poorly understood. Moreover, phosphoryl-
ation studies of CIITA have yielded differing results on how
such modifications impact its role in regulating gene expres-
sion. However, accumulating evidence points to a role for mul-
tisite phosphorylation of CIITA. Previously, we have demon-
strated that CIITA localized in the nucleus is predominantly
phosphorylated and have identified various serine residues as
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target phosphorylation sites, including serines 286, 288, and
293 (47). Mutations at these sites increase CIITA nuclear accu-
mulation and MHC class II gene transactivation (47). Other
groups have demonstrated that phosphorylation at PST sites
between 253 and 321 results in an appreciable increase in
CITA transactivation potential and is prerequisite for oli-
gomerization and aggregation at the MHC II promoter (39, 48).
CIITA has been shown to be targeted by protein kinase A (PKA)
on four different serines between residues 325—408, which
exert down-regulatory effects on CIITA and inhibition of MHC
II expression (49). To make understanding the role of phospho-
rylation in CIITA function even more complex, constitutively
active protein kinase C (PKC) increases CIITA expression,
whereas a dominant-negative mutant of PKC abrogates inter-
feron-y-induced MHC class II gene expression (49). These data
reflect a complex and not yet fully defined array of pathways
regulating CIITA activity.

Here we investigate a role for ERK1 and ERK2 mitogen-acti-
vated protein kinases (MAPKs) in the phosphorylation of
CIITA. Structural analysis of ERK1 reveals 85% homology to
ERK2, and it is well established that ERK1 and ERK2 (hereafter
referred to as ERK1/2) share many of the same substrates (51—
55). The transient formation of the ras proto-oncogene at the
cell membrane eventually leads to the phosphorylation of the
ERK1/2 by MAPK kinase 1 (MAPKK1 or MEK1) (52, 55). Acti-
vated monomeric or homodimeric ERK1/2 participate in signal
transduction pathways involved in nearly all cellular processes
by phosphorylating and regulating numerous targets in the
cytoplasm and in the nucleus, including other protein kinases,
transcription factors, cytoskeletal proteins, growth factor
receptors, and other regulatory proteins (52). In this report we
describe a novel mechanism of CIITA regulation by demon-
strating a direct interaction between CIITA and ERK1/2, lead-
ing to a decrease in CIITA function.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—COS7 monkey kidney fibro-
blast cells or Raw 264.7 murine macrophage cells (American
Type Culture Collection) were cultured at 37 °C in 5% CO, and
grown in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
supplemented with 10% fetal calf serum, 300 mg/liter L-gluta-
mine, and 1% penicillin/streptomycin. All transfections were
performed using FuGENE 6 (Roche Applied Science) for COS7
transfections or FUGENE 6 HD for Raw 264.7 transfections
according to the instructions of the manufacturer.

Plasmids—Fg-tagged wild-type CIITA (FgCIITA) contains
an eight-amino acid FLAG epitope upstream of the first
methionine of CIITA in a pcDNA3 vector (Invitrogen) (56).
Expression from this vector is controlled by a cytomegalov-
irus (CMV) enhancer-promoter. Full-length Xpress-tagged
CHTA (XpCIITA) was created by ligating the 3.5-kilobase
EcoRI FgCIITA fragment into EcoRI-digested pcDNA3 HisC.
Serine-to-alanine mutations of CIITA at amino acids 286, 288,
and 293 have been described previously (47). Wild-type and
dominant-negative human ERK1 under the control of a CMV
promoter (CMV-ERK1) and Fg-tagged ERK2 (FgERK?2) expres-
sion vectors were kindly provided by Dr. Melanie Cobb (Uni-
versity of Texas, Southwestern Medical Center, Dallas, TX).
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Luciferase Assays—COS7 or Raw 264.7 cells were split to
6-well plates 24 h before transfection. A DR-Luc reporter plas-
mid containing the MHC class II DR promoter fused to a lucif-
erase reporter gene along with the indicated plasmids were
transfected into cells at 60% confluence. Corresponding empty
control vectors were included at identical concentrations to
equilibrate the total amount of DNA transfected. Cells were
harvested at 24 h post-transfection in 200 ul of reporter lysis
buffer (Promega, Madison, WI). Luciferase activity was meas-
ured using the Promega luciferase assay reagent (Promega).
PD98059 and U0126 (Sigma) were used at final concentrations
of 2.5 ug/ml and 10 uMm, respectively. Values were normalized
for transfection efficiency based on protein concentrations,
which was determined using BCA protein assay kit (Pierce).
Each transfection was performed in triplicate. Two-sample ¢
tests assuming unequal variances were employed to determine
the significance of differences in the activity values of samples
compared with control cells transfected with CIITA and the
reporter plasmid. p values of less than 0.05 were considered
significant.

In Vitro Translation and Kinase Assays—In vitro transcrip-
tion/translation of wild-type FgCIITA was completed with
TNT T7 Quick Master Mix (Promega) according to the instruc-
tions of the manufacturer. The resultant proteins were incu-
bated at 30 °C for 90 min with 1 mm ATP and the following
serine/threonine kinases: Ca®*/calmodulin-dependent protein
kinase II, cyclin dependent kinase 2 (Cdc2), casein kinase II,
cAMP-dependent protein kinase A (PKA), p42 mitogen-acti-
vated protein kinase (p42 ERK2) (New England Biolabs, Bev-
erly, MA), or recombinant human active Janus kinase 2a2
(INK2a2) (Invitrogen). The activation of calmodulin-depend-
ent protein kinase II was prepared according to the instructions
of the manufacturer. Where indicated, extracts were treated
with 40 units/ul of A-protein phosphatase (New England Bio-
labs) at 30 °C for 1 h.

Immunoprecipitations and Immunoblots—For co-immuno-
precipitation studies, COS7 cells were split to 100-mm tissue
culture plates 24 h before transfection. Cells were transfected
with 1 ug of each indicated plasmid. 24— 48 h post-transfection,
cells were lysed with 750 ul of chilled radioimmune precipita-
tion assay lysis buffer (150 mm NaCl, 1.0% Nonidet P-40, 1.0%
deoxycholate, 0.1% SDS, 10 mm Tris (pH 7.4), 1X protease
inhibitor mixture (Roche Applied Science), 2 mm EDTA) fol-
lowed by centrifugation for 15 min at 14,000 X g at 4 °C.
Extracts were incubated for 2 h with 2 ug of anti-Fg (M5,
Sigma), anti-CRM1, or anti-tubulin (Santa Cruz Biotechnology,
Santa Cruz, CA) antibodies. 35 ul of M-280 magnetic Dyna-
beads (Dynal Biotech, Great Neck, NY) were washed and equil-
ibrated in radioimmune precipitation assay buffer then added
to the mixture and incubated for an additional 24 h. The beads
were washed 6 times with 750 ul of modified radioimmune
precipitation assay buffer (without 1X protease inhibitor and
supplemented with 0.05% Tween 20), and pellets were each
suspended in 15 ul of radioimmune precipitation assay buffer,
boiled in 2X Laemmli sample buffer, separated by SDS-polyac-
rylamide gel electrophoresis, and transferred to nitrocellulose.
Immunoblots were performed using immunoprecipitated or
normalized quantities of whole cell extracts detected with the
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indicated antibody at 1:1000 dilution and ECL detection
reagents (GE Healthcare).

Immunofluorescence—The indicated plasmids were trans-
fected into 1 X 10° COS7 cells in two-well chamber slides. At
24 h post-transfection, slides were rinsed in phosphate-buft-
ered saline (PBS), fixed in 3:2 acetone:PBS for 3 min, then incu-
bated for 1 h with the indicated antibody diluted 1:500 in PBS,
1% bovine serum albumin, rinsed, incubated for 1 h with fluo-
rescein isothiocyanate-conjugated secondary Ab (1:500 dilu-
tion), then rinsed and mounted in Vectashield mounting
medium with 4’,6-diamidino-2-phenylindole (Vector Labora-
tories, Burlingame, CA). Slides were observed at a 40X
magnification.

RESULTS

Phosphorylation of CIITA by ERK2 and Cdc2 in Vitro—Pre-
viously, we have demonstrated that CIITA in the nucleus is
predominantly phosphorylated but underphosphorylated in
the cytoplasm (47). Mutation of serine residues 286, 288, and
293 resulted in an increase in nuclear accumulation, suggesting
that phosphorylation of these residues is not necessary for the
entry of CIITA into the nucleus but, rather, after its import,
unphosphorylated CIITA is targeted by a nuclear kinase (47).
To understand how nuclear phosphorylation regulates CIITA
function, we first sought to identify the kinase potentially
involved in the phosphorylation. CIITA synthesized by in vitro
transcription and translation was incubated with one of multi-
ple different serine/threonine kinases (Fig. 1A4). CIITA
expressed in COS7 cells migrates as a doublet, with proteins at
145 and 149 kDa (Fig. 1A, first lane). In contrast, in vitro CIITA
in the absence of kinase activity migrates only as a single band
(second lane, input), correlating with the size of the lower band
of the CIITA doublet seen in the whole cell extract. Although
calmodulin-dependent protein kinase II, casein kinase II, PKA,
and JNK2 were unable to phosphorylate CIITA in vitro, incu-
bation with Cdc2 and ERK2 (fourth and eighth lanes, respec-
tively) both resulted in a pattern similar to that found for CIITA
obtained from whole cell extracts. This indicates that these
kinases are responsible for converting a fraction of the fast-
migrating species of CIITA into the slow-migrating species.
Because ERK2 is well known to be capable of phosphorylating
nuclear targets (52, 54, 57), subsequent experiments focused
specifically on the ability of ERKs to modulate CIITA activity.

To confirm that the upper and lower bands represented
phosphorylated and unphosphorylated forms of CIITA, respec-
tively, we treated the in vitro reactions with A-protein phospha-
tase, a broad-acting phosphatase capable of dephosphorylating
serine, threonine, and tyrosine residues. The addition of A-pro-
tein phosphatase to CIITA derived from transiently transfected
COS7 cells also results in the loss of the upper band (Fig. 1B,
second lane). Similarly, phosphatase incubation of CIITA
treated with ERK2 results in a single, smaller band of similar
size to that found in untreated CIITA (Fig. 1B, compare the
third and sixth lanes). Thus, the upper, more slowly migrating
bands are consistent with the phosphorylated species of CIITA,
whereas the lower bands represent the unphosphorylated form
of the protein.
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FIGURE 1. ERK2 and Cdc2 directly phosphorylate CIITA in vitro. A, in vitro
transcribed and translated FgCIITA was incubated alone (second lane) or with
the indicated serine/threonine kinases followed by immunoblot analysis with
an anti-Fg antibody. The presence of single or double bands was compared
with doublets of the FgCIITA protein present in whole cell extracts prepared
from COS7 cell lysates (first lane). CaMKIl, Ca*>*/calmodulin-dependent pro-
tein kinase II; CKII, casein kinase II. B, incubation of FgCIITA phosphorylated in
vitro by ERK2 with A-protein phosphatase eliminates the upper band of the
doublet. Whole cell extracts (WCE) from FgCIITA transfected cells or in vitro
prepared FgCIITA were incubated with ERK2 and A-protein phosphatase as
indicated and detected as in A. Single (C) or double point mutants (D) of CIITA
at serine 286 (5286A), serine 288 (S288A), or serine 293 (5293A) were sub-
jected to in vitro transcription and translation followed by exposure to ERK2
and immunoblot detection by anti-Fg.

Serine-to-alanine mutations of amino acids 286, 288, and 293
were tested for their ability to be phosphorylated by ERK2 in
vitro either individually (Fig. 1C) or as double mutants (Fig. 1D).
A triple mutant of all three residues fails to express properly in
cells, likely due to conformational abnormalities, and thus,
could not be assessed. Mutation of serines 286 or 293 alone
were still largely capable of being phosphorylated by ERK2,
whereas mutation of serine 288 resulted in a more balanced
ratio of upper to lower protein bands (Fig. 1C), suggesting a
decrease in the ability of CIITA to be phosphorylated by ERK2.
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Because double serine mutants were used in previous studies
and shown to have a more significant impact on CIITA activity
(47), we also tested the ability of these double mutants to serve
as targets of ERK2 activity. Double mutants S286A/S288A and
S288A/S293A both contained a substitution of alanine for ser-
ine at residue 288, and both demonstrated a decreased suscep-
tibility to be phosphorylated by ERK2 (Fig. 1D). It is important
to note, however, that some phosphorylation of these CIITA
mutants still occurred when incubated with ERK2, indicating
that ERK targets one or more other serine residues on CIITA in
addition to those identified here.

ERK1/2 Binds CIITA—Given the highly homologous nature
of ERK1/2 and the fact that ERK2 can directly phosphorylate
CIITA in vitro, we investigated whether the phosphorylation of
CIITA in cells is concomitant with its binding of ERK. To assess
whether CIITA can physically interact with ERK2 as well as
ERK1, we performed co-immunoprecipitation analyses. COS7
cells were co-transfected with combinations of Xp-tagged
CIITA and CMV-ERK1 or Fg-tagged ERK2. Upon ERK1/2
overexpression, both native and exogenous forms of ERK1/2
could be visualized by immunoblot analysis (Fig. 2, A and B,
WCE). ERK1/2 was immunoprecipitated using anti-ERK2 anti-
bodies, which are specific for ERK2 but can detect ERK1 to a
lesser extent. The presence of the precipitated proteins was
verified in an immunoblot with an anti-ERK2 antibody (Fig. 24,
IP). The pulldown of ERK1/2 co-precipitated CIITA, which was
detected using an anti-Xp monoclonal antibody (second lane).
However, because of the cross-reactivity of the polyclonal ERK2
antibody used in the immunoprecipitation, the pulldown of
CIITA is the result of an interaction with either ERK1, ERK2, or
both. In the reciprocal direction, immunoprecipitation with the
antibody specific to CIITA was sufficient to pull down exog-
enously expressed ERK1/2 (Fig. 2A, third lane). The slight
increase apparent in the amount of CIITA pulled down by the
anti-ERK2 antibody as compared with that pulled down by the
anti-Xp antibody is due to a slightly elevated amount of CIITA
transfected and expressed in these cells, as is evident in the blot
of the whole cell extracts, as well as a greater stoichiometric
amount of ERK1/2 proteins in the cell than CIITA due to the
additional presence of endogenous ERK1/2. As a negative con-
trol to rule out nonspecific antibody cross-reactivity, an anti-
tubulin antibody protein failed to immunoprecipitate CIITA or
ERK1/2 (Fig. 24, first lane). These results indicate that CIITA is
capable of interacting with overexpressed forms of ERK1/2 in
transfected cells.

To ascertain whether CIITA can bind ERK1/2 in a normal
cell milieu, we prepared extracts from COS7 cells expressing
only normal endogenous amounts of ERK1/2 and transfected
with Fg-tagged CIITA, then immunoprecipitated these extracts
using antibodies to FgCIITA, ERK1, or ERK2 (Fig. 2B). Anti-
bodies to both ERK1 and ERK2 were able to co-immunopre-
cipitate FgCIITA (third and fourth lanes), confirming the cellu-
lar interaction of CIITA with endogenous ERK1/2. Using
polyclonal antiserum, anti-ERK1 and anti-ERK2 antibodies also
precipitated endogenous ERK2 and ERKI, respectively. Pro-
teins of 44 and 42 kDa (third lane), which correspond to the
molecular masses of ERK1 and ERK2, respectively, were immu-
noprecipitated in equal abundance by anti-ERK1 antibodies. As
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FIGURE 2. CIITA interacts with exogenous and endogenous ERK1/2.
A, co-immunoprecipitation of CIITA-ERK1/2 complexes in COS7 cells trans-
fected with Xp-tagged CIITA, CMV-ERK1, and Fg-tagged ERK2. After prepara-
tion of whole cell extracts, immunoprecipitations (IP) were performed using
anti-tubulin, anti-ERK2, or anti-Xp antibodies, followed by anti-ERK2 or
anti-Xp immunoblotting (/B) as indicated. Immunoblots of whole cell extracts
(WCE) were performed as controls for the level of XpCIITA or ERK1/2 expres-
sion. B, endogenous ERK1/2 interacts with CIITA. Co-immunoprecipitation of
CIITA-ERK1/2 complexes in COS7 cells transfected with Fg-tagged CIITA alone
followed by immunoblots with anti-Fg or anti-ERK of immunoprecipitated
complexes or whole cells extracts as above. Immunoprecipitation with the
anti-tubulin antibody serves as a negative control.

shown by the results shown in lanes 3 and 4, the presence of
CIITA may be attributed to its interaction with ERK1, ERK2, or
both, although the interaction is most favorable between ERK2
and CIITA. In the reverse experiment FgCIITA co-precipitated
endogenous ERK2 (second lane), indicating that CIITA can
associate with ERK2 even in the absence of ERK2 overexpres-
sion. These immunoprecipitation results suggest that although
CIITA can bind ERK1/2 when both isoforms are overexpressed,
it preferentially binds ERK2 at endogenous levels.

Inhibition of ERK1/2 Increases CIITA Activity—Phosphoryl-
ation plays a major role in the ability of the cell to regulate
protein function. With this in mind, we wished to address the
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role that ERK1/2-induced phosphorylation plays in mediating
CIITA activity. To do so, we expressed FgCIITA with a lucifer-
ase reporter gene under the control of the MHC class II
HLA-DR promoter in COS7 cells. Before the transfection of
FgCIITA, cells were transfected with wild-type or dominant-
negative ERK1/2 (dnERK1/2) for 4 h to allow for sufficient
expression and dimerization with endogenous ERK1/2. As
shown in Fig. 3, in the presence of overexpressed ERK1/2, there
was no change in expression from the CIITA-dependent pro-
moter. This may be due to sufficiently high levels of endoge-
nous ERK1/2 acting to maximally phosphorylate available
CIITA such that the presence of additional transfected ERK1/2
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+ dnERK1/2
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+ PD98059

FIGURE 3. CIITA activity increases in the presence of dominant-negative
ERK1/2 and a MAPK inhibitor. COS7 cells were transfected with wild-type
ClITA along with a luciferase reporter gene under the control of the MHC class
Il DR promoter. Indicated samples were also co-transfected with ERK1/2 or
dominant-negative ERK1/2 or treated with U0126 and PD98059 at the time of
transfection. 24 h post-transfection extracts from cells were prepared and
assessed for luciferase activity. 100% activity in each cell type was defined as
the level of DR-luciferase activation by wild-type CIITA. All other values were
plotted as percentages of this activity. All experiments were performed in
triplicate and normalized to protein concentration. *, p < .05 compared with
ClITA alone.
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is extraneous. In contrast, however, incubation with dominant-
negative ERK1/2 consistently resulted in increased CIITA
activity. This indicates that inhibition of ERK1/2 enhances the
ability of CIITA to drive expression from an MHC class II
promoter.

To further address the relationship between ERK1/2 and
MHC II expression, we used U0126 and PD98059, specific
MEK1 inhibitors in the ERK1/2 pathway (26). It has been shown
previously that PD98059 decreases ERK1/2 activity in a variety
of cell lines (23, 26). To rule out nonspecific effects of PD98059,
we also tested U0126. Both inhibitors are particular for the
MEK1/2/ERK pathway, as they do not affect other MAPK path-
ways, including MEKK1-2, MKK4/JNK, or MKK6/p38 (23, 30,
58). In cells transfected with CIITA and the luciferase reporter
construct, those cells treated with PD98059 exhibited more
than a 2-fold increase in CIITA activity as compared with
untreated cells (Fig. 3, p < 0.05). U0126-treated cells exhibited
only a modest increase in CIITA activity. This is likely due to
differences in the optimal concentrations required for inhibi-
tion by the two compounds. Subsequent experiments focused
on ERK1/2 inhibition by treatment of cells with PD98059.
These data are consistent with the model that CIITA activity
increases as a result of down-regulating ERK1/2 activation
either through co-transfection with a dominant-negative form
of ERK or treatment of cells with an ERK inhibitor.

Dominant-negative ERK1/2 Increases Nuclear Retention of
CIITA—Because luciferase assays suggest that dominant-nega-
tive ERK1/2 increases CIITA trans-activation ability, we
explored the possibility that this effect specifically alters CIITA
distribution between the nucleus and cytoplasm. COS7 cells
were transfected with a combination of XpCIITA and expres-
sion vectors for either ERK1/2 or dnERK1/2. To ensure that any
observed cytoplasmic localization of proteins was not simply
due to new de novo synthesis, all cells were treated with actino-
mycin D for 3 h before harvesting. Immunofluorescence of
these transfected cells using anti-Xp
antibodies showed that CIITA alone
exhibits dual subcellular localiza-
tion to both the cytoplasm and the
nucleus (Fig. 44), which is in agree-
ment with previous studies (47). In
the presence of overexpressed
ERK1/2, CIITA showed no signifi-
cant change in localization (Fig. 4B).
This is consistent with the observa-
tion that transfected ERK1/2 does
not alter CIITA activity in luciferase
assays (Fig. 3), indicating that the
presence of endogenous ERK1/2 is
sufficient to carry out the phospho-
rylation of CIITA. In contrast, incu-
bation with dominant-negative

MERGE

XpCIITA

FIGURE 4. Inhibition of endogenous ERK1/2 by dominant-negative mutants or PD98059 increases the
nuclear localization of CIITA. COS7 cells were transfected with either wild-type XpCIITA (A-D) or the S288A/
S293A double serine mutant (E-H) and co-transfected with ERK1/2 or dominant-negative ERK1/2 or treated
with PD98059 at the time of transfection. Immunofluorescence was performed 24 h post-transfection using
anti-Xp to detect the subcellular localization of CIITA. Samples were compared with the relatively even nuclear-
cytoplasmic distribution of wild-type CIITA (A). DAPI, 4’ 6-diamidino-2-phenylindole.

APRIL 4, 2008+VOLUME 283-NUMBER 14 1 SBVIB]

S$288/293A

ERK1/2 significantly increased
CIITA presence in the nucleus (Fig.
4C). Likewise, inhibition of ERK1/2
by PD98059 treatment of cells
transfected with wild-type CIITA
also led to enhanced nuclear con-
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FIGURE 5. Interaction between CIITA and CRM1 is decreased after inhibi-
tion of ERK1/2. Shown is co-immunoprecipitation (/P) of COS7 cells trans-
fected with FgCIITA and co-transfected with dominant-negative ERK1/2 or
treated with PD98059 as indicated. Extracts from cells were made 24 h post-
transfection or treatment, then were subject to immunoprecipitation using
anti-Fg (first through third lanes) or anti-CRM1 (fourth through sixth lanes) anti-
bodies. FgCIITA present in the immunoprecipitated complexes was detected
by immunoblotting (/B) with anti-Fg antibodies. Arrows indicate bands show-
ing phosphorylated (upper) and unphosphorylated (lower) forms of CIITA.
Immunoblots of whole cell extracts (WCE) were performed as controls for the
level of FgCIITA expression.

centration of the protein (Fig. 4D). We have previously shown
that the serine double mutant S288A/S293A, despite showing
decreased levels of phosphorylation, localizes more strongly to
the nucleus than does the wild-type CIITA (Ref. 46 and Fig. 4E),
demonstrating that phosphorylation of CIITA is not necessary
for its nuclear import. Unlike wild-type CIITA, co-expression
of the S288A/S293A mutant with ERK1/2, dnERK1/2, or treat-
ment with PD98059 consistently resulted in little alteration of
CITA compared with the untreated form (Fig. 4, E-H); thus,
only wild-type CIITA is largely susceptible to ERK1/2 or
dnERK1/2 effects. In light of the current data, this suggests that
the ERK1/2-mediated phosphorylation of CIITA may play a
role in inducing the export of the CIITA protein from the
nucleus, resulting in the loss of its ability to activate expression
of MHC class II genes.

Inhibition of ERK1/2 Decreases the Ability of CIITA to Inter-
act with the Nuclear Export Factor CRM1—1If CIITA is actively
exported from the nucleus, then this process is likely to be
mediated by the nuclear export protein CRM1, which is known
to be involved in the export of a wide variety of nuclear factors
(59, 60). Previous results have demonstrated that inhibition of
CRML1 by treatment with leptomycin B leads to the accumula-
tion of wild-type CIITA in the nucleus (44). Therefore, if phos-
phorylation of CIITA by ERK1/2 leads to its nuclear export, we
wished to determine whether the inhibition of ERK1/2 serves to
prevent CIITA from interacting with CRM1, thereby explain-
ing the increased nuclear accumulation observed in Fig. 4. To
assess whether CIITA can interact with CRM1 and if such
interactions are dependent on the state of CIITA phosphoryla-
tion, cells were transfected with FgCIITA alone or in the pres-
ence of dnERK1/2 or PD98059 treatment, then immunopre-
cipitated with anti-Fg or anti-CRM1 antibodies followed by an
immunoblot to detect CIITA (Fig. 5). Anti-Fg antibodies suc-
cessfully pulled down the FgCIITA protein under all condi-
tions. As expected, both phosphorylated and unphosphorylated
CIITA are shown by the presence of slower-migrating (upper)
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FIGURE 6. Inhibition of ERK1/2 increases endogenous CIITA activity and
synergistically activates CIITA in a macrophage cell line. Raw 264.7 mac-
rophage cells were transfected with the luciferase reporter under the control
of the MHC class Il DR promoter. Indicated cells were co-transfected with
dnERK1/2 (lanes 2, 5), exogenous FgCIITA (lanes 4-6), or were treated with
PD98059 (lanes 3, 6). Extracts were prepared at 24 h post-transfection and
assayed for luciferase activity. The level of DR-luciferase activation by endog-
enous CIITA alone (first lane) was defined as 100% activity, and values of the
remaining samples were plotted as percentages relative to this level. All
experiments were performed in triplicate and normalized to protein
concentration.

and faster-migrating (lower) bands, respectively (Fig. 5, first
through third lanes). In contrast, incubation with anti-CRM1
antibodies immunoprecipitated primarily the phosphorylated
form of CIITA (fourth lane) even though both forms are clearly
present in the lysate controls (Fig. 5, lower panel). Co-transfec-
tion with dnERK1/2 or treatment of transfected cells with
PD98059 resulted in a substantial inhibition of the amount of
CIITA pulled down by CRM1 antibodies (fifth and sixth lanes).
This data indicate the presence of phosphorylated and unphos-
phorylated CIITA in the cell, but the preferential interaction of
CRM1 with the phosphorylated form. Furthermore, inhibition
of ERK1/2 activity decreases the phosphorylation of CIITA and
limits its ability to interact with CRM1. It should be noted that,
as evidenced in these whole cell extracts, the presence of
dnERK1/2 or PD98059 diminishes but does not completely
abrogate CIITA phosphorylation, which is consistent with pre-
vious data indicating that other kinases, including PKA (49) and
Cdc2 (Fig. 1), may also phosphorylate CIITA.

Inhibition of ERK1/2 Enhances Endogenous CIITA-mediated
Gene Expression in a Macrophage Cell Line—Although these
experiments were conducted in COS7 cells, it was important to
establish whether inhibition of ERK1/2 affected endogenous
CIITA. Using Raw 264.7 murine macrophages, which express
endogenous CIITA, we examined the effect of ERK1/2 inhibi-
tors on the expression of a luciferase reporter gene from the
class II DR promoter (Fig. 6). Luciferase activity from Raw cells
transfected only with the DR-luciferase reporter construct was
defined as 100% activity (Fig. 6, first lane). Co-transfection of
cells with dnERK1/2 or treatment with PD98059 resulted in a
2-fold increase in CIIT A-mediated gene expression (second and
third lanes), consistent with the enhanced expression seen in
COS7 cells similarly treated (Fig. 3). Because this activation
may also be due to the release from ERK1/2-mediated repres-
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sion of CIITA gene expression (62), we wished to determine
whether co-transfection with CIITA would further enhance
luciferase activity and the subsequent impact of the ERK1/2
inhibitors. As expected, co-transfection of Raw cells with
CIITA resulted in a 4-fold increase in luciferase activity (Fig. 6,
fourth lane). Furthermore, inhibition of ERK1/2 by application
of dnERK1/2 or PD98059 caused a 13-fold increase in CIITA
activity. This synergistic effect is consistent with the observa-
tion that ERK1/2 down-regulates CIITA-mediated class II gene
expression by repressing expression of the CIITA gene and by
phosphorylating the CIITA protein to induce its association
with CRM1 and subsequent export from the nucleus.

DISCUSSION

Since its isolation over a decade ago, wide-ranging studies on
CIITA have revealed its critical role as a transcription factor
responsible for initiating the expression of MHC class II genes
and the subsequent induction of the immune response. More
recent evidence has shown that the activity of CIITA is tightly
regulated at multiple levels, including expression, GTP binding,
dimerization, nuclear translocation, and phosphorylation (42,
61-65), whereas the intracellular signaling pathways involved
in CIITA regulation, namely phosphorylation, are only starting
to emerge. Although several kinases have been identified as
mediators of CIITA expression and function, their respective
roles differ, reflecting a complex regulatory mechanism alter-
natively capable of activating or inhibiting CIITA function. One
mode by which kinases regulate CIITA is by controlling expres-
sion of the CIITA gene. Interferon-vy activates PKC, thereby
causing interferon regulatory factor-1 and CREB to activate
CIITA expression through its type IV promoter, resulting in
MHC class II gene expression (50, 53, 66). Likewise, chemical
inhibition of PKC blocks CIITA gene expression (67). In con-
trast to PKC, the MAPK pathway kinase ERK1/2 down-regu-
lates the expression of CIITA by decreasing histone acetylation
at the CIITA promoter in antigen-presenting cells (62).

Phosphorylation also appears to play a role in modulating
CIITA function by directly affecting the CIITA protein itself as
a post-translational modification. PKA targets residues at the
carboxyl terminus and down-regulates CIITA activity,
accounting for the mechanism by which prostaglandins inhibit
MHC II expression in monocytes (49). Similarly, our previous
results have indicated that phosphorylation at serine residues in
the amino terminus inhibits CIITA activity (47), whereas other
studies have demonstrated that phosphorylation can induce
CIITA oligomerization and activation (39, 48).

Here, we present evidence that ERK1/2 directly interacts
with and phosphorylates CIITA. These data support a model
whereby CIITA phosphorylation by ERK1/2 in the nucleus
results in a loss of CIITA function and permits association with
CRM1 and the subsequent export of CIITA from the nucleus.
In vitro kinase assays indicate that both Cdc2 and ERK2 can
phosphorylate CIITA. Cdc2 plays a key role in the control of
eukaryotic cell cycle, whereas members of the MAPK family,
including ERK1/2, are major signaling enzymes by which cells
transduce extracellular stimuli to regulate intricate intracellu-
lar processes. The observation that these two kinases can phos-
phorylate CIITA suggests that pathways activating the immune
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response and those that are predominantly associated with cell
proliferation are cross-linked to control MHC II expression. In
support of the idea that ERK1/2 can phosphorylate CIITA,
lysates of cells transfected with a tagged form of CIITA demon-
strate the ability of the CIITA protein to interact with both
exogenous and endogenous ERK1/2. This interaction with
CIITA is evident for both ERK1 and ERK2, consistent with the
high homology of these proteins as well as their overlapping
function in the cell.

Inhibition of ERK1/2 either through the use of dominant-
negative mutant forms of ERK1/2 or a chemical inhibitor of
ERKleads to an increase in the ability of CIITA to drive reporter
gene expression from an MHC class II promoter. The extent of
this increase is moderate, being 2—3-fold above the level of acti-
vation by wild-type CIITA alone. This degree of activation is
consistent with what has been reported for serine-to-alanine
mutations at amino acids 286, 288, and 293 of CIITA, which
demonstrate a similar increase in activity compared with wild-
type CIITA (47). This suggests that those sites that are mutated
are among the residues targeted for phosphorylation by
ERK1/2. This is confirmed by the in vitro phosphorylation data
showing that the double serine mutants containing serine 288
undergo incomplete phosphorylation compared with wild-type
CIITA when incubated with ERK.

If ERK1/2-mediated phosphorylation of CIITA results in a
loss of CIITA activity, then one explanation for how this may
occur is that after its interaction with ERK, phosphorylated
CIITA is primed to be shunted out of the nucleus and redis-
tributed within the cell. Normally, CIITA is found in both
the cytoplasm and the nucleus, although CIITA can be
retained within the nucleus by treatment of cells with lepto-
mycin B, an inhibitor of nuclear export (43), indicating that
the CIITA protein is actively exported from the nucleus. In
the current study, the presence of dominant-negative
ERK1/2 or PD98059 causes CIITA to become concentrated
in the nucleus. Furthermore, inhibition of CIITA phospho-
rylation by any of these methods decreases the ability of
CIITA to interact with CRMI, the mediator of nuclear
export. In addition, elevating levels of ERK1/2 in the cells did
not exhibit any down-regulatory effects on class II expres-
sion nor did it alter the subcellular localization of CIITA.
One explanation for this observation may be a “ceiling
effect,” which indicates a certain maximal level of phospho-
rylated CIITA, and thus, transfecting cells with additional
ERK1/2 may have no effect on target CIITA sites that are
already fully saturated by endogenous ERK1/2.

Previous studies have indicated that ERK1/2 negatively reg-
ulates CIITA by blocking expression of the CIITA gene (67).
The results here indicate that ERK1/2 also represses activity of
existing CIITA protein by phosphorylating CIITA and priming
it for export out of the nucleus. This is confirmed by the syner-
gistic effect seen on class II gene expression after inhibition of
ERK1/2 in macrophage cells expressing endogenous CIITA and
supplemented with exogenous CIITA. Combined with the pre-
vious results, this suggests that ERK represses CIITA at both
the gene and protein levels.

The results presented here support the following model at
work in the cell for tightly controlling CIITA protein function
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and down-regulating its ability to induce expression of MHC
class I genes. CIITA is synthesized and enters the nucleus in an
unphosphorylated state, activating the expression of target
MHC class II genes. ERK1/2 subsequently phosphorylates
CIITA at residues including serine 288, resulting in the loss of
CIITA transactivation potential by enabling it to interact with
CRM1. CRM1 then exports CIITA from the nucleus. Preven-
tion of phosphorylation maintains CIITA in an active state,
enhancing class II expression and blocking the ability of CIITA
to bind to CRM1, thus increasing its nuclear concentration.
Although ERK-mediated phosphorylation of CIITA leads to its
down-regulation, it is clear that phosphorylation by other
kinases also plays a critical role in regulating CIITA function,
and it will be important for future studies to identify the balance
of factors that control the timing of phosphorylation and the
interplay of the different cellular pathways involved in modu-
lating CIITA-induced class II gene expression.
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